In the production of rubber-reinforced sealing rings for shafts, wide use has been made of fluorine-containing rubbers SKF-26 and SKF-32 produced by the KirovoChepetsk Chemical Combine (KChKhK).
Rubber mixes based on these rubbers are characterised by high viscosity and by structural inhomogeneity associated with the high gel fraction content in the polymer [1, 2] .
Earlier [3, 4] we established that these structural features of Russian-produced fluorine-containing rubbers explain the considerable difficulties encountered in their processing. It was shown that fluorine-containing rubber SKF-26 is unstable in terms of its gel fraction content both in different copolymer batches and within each batch. Methods have been proposed for stabilising the structure of fluorine-containing rubber. In the same earlier work [3, 4] it was shown that the mechanical loss tangent (tg d) values, determined on an RPA-2000 rubber processability analyser, are sensitive to structural features of the fluorine-containing rubbers and can be used to estimate the macrogel content.
In order to improve the processability of fluorinecontaining rubber SKF-26 at the KChKhK Polymer Works OJSC, an attempt has been made to improve its structure at the polymerisation stage. Two new modifications of fluorine-containing rubber SKF-26, SKF-26/8 and SKF-26/10, have been synthesised and are investigated in the present work.
Trial specimens were investigated in comparison with standard fluorine-containing rubber SKF-26 VS.
To establish the structural features of the new fluorinecontaining rubbers, along with their gel fraction content, an investigation was made of the molecular weight distribution (MWD) in these copolymers and their longchain branching (LCB). It is known [5] that, to obtain information about the LCB, use can also be made of the results of investigating rubbers on an RPA-2000 analyser. The difference in the mechanical loss tangent, Dtg d, is a good indicator of the LCB of polymers. Usually, a low Dtg d value indicates a high LCB level of the polymer.
Investigations on the RPA-2000 instrument were conducted at a temperature of 100°C and a lowerhalf-mould strain of 14%, with a variable frequency of 0.1-30 Hz.
At low and high strain frequencies, the tg d and Dtg d values, which characterise the LCB level of the polymer, were determined.
The MWD of the fluorine-containing rubbers was determined by gel permeation chromatography on a Waters instrument to relative polystyrene calibration. The range of molecular weights (MWs) of the standards was 2700-5 860 000, the eluent was tetrahydrofuran (THF), the elution rate was 1 mL/min, the temperature was 40°C, the stationary phase was "Shodex" polystyrene, and the detector was a refractometer.
Besides investigations of the structure and viscoelastic characteristics of standard and trial rubbers, technological investigations of vulcanisates based on the rubbers were carried out.
Rubber mixes based on fluorine-containing rubbers SKF-26 VS, SKF-26/8, and SKF-26/10 were prepared on an SM 300 laboratory mill with 1:1.25 friction using the following formulation: 100 parts fluorine-containing rubber; 35 parts T-900 carbon black; 6 parts calcium hydroxide; 3 parts magnesium oxide; 0.5 parts Struktol HT 290. Product SEC#50 (an alloy of bisphenol AF and benzyltriphenylphosphonium chloride in a 3:1 ratio) in a quantity of 2.5 parts was chosen as the vulcanising agent. The vulcanising system used in this formulation was selected in connection with the fact that the vulcanising agent recommended by GOST 18376-79, bifurgin, is more toxic, less stable during storage, and more poorly distributed in the rubber. Furthermore, rubbers with bifurgin are less heat resistant during heat ageing in the stress state.
The shrinkage of vulcanisates according to GOST 18376-79 was investigated, and also the Mooney viscosity, the extrudability on a Barwell preformer according to the swelling of the extrudate, and millability during mix manufacture.
In the course of the work, the physicomechanical characteristics of the rubber of formulation 420 for gaskets and its processing behaviour during the vulcanisation of end-products were determined.
The results of comparative determination of the tg d values of the investigated rubbers at one of the selected strain frequencies are shown in Figure 1 .
The results of determining Dtg d are given in Figure 2 . The temperature dependence of the viscosity of the investigated fluorine-containing rubbers is shown in Figure 3 . Table 1 . Molecular weight characteristics, Dtg d, and Mooney viscosity of the fluorine-containing rubbers investigated
Grade of fluorinecontaining rubber Note. M n -number-average molecular weight; M w -weight-average molecular weight; M p -maximum value of molecular weight with respect to the fraction volume; M z -average molecular weight; M w /M n -coefficient of polydispersity; M z /M nproportion of high-molecular-weight fraction (characterises the degree of branching) * Molecular characteristics are given for the structureless part of the rubber From the data in Figure 1 
and SKF-26/10, the tg d values are considerably lower and equal to 2.9 and 3.2 units respectively. Thus, it can be concluded that the trial batches of rubbers SKF-26/8 and SKF-26/10 produced at the KChKhK Polymer Works OJSC contain practically no gel. Table 1 gives the main molecular weight characteristics of the investigated fluorine-containing rubbers, Dtg d values, and Mooney viscosity values. The molecular weights of the trial fluorine-containing rubbers SKF-26/10 and SKF-26/8 are lower than the molecular weight of standard fluorine-containing rubber SKF-26 VS, which is confirmed by gel permeation chromatography. The index M w /M n characterises the degree of polydispersity of the polymer: the greater this value, the wider is the molecular weight distribution. As can be seen from Table 1 , fluorine-containing rubbers SKF-26/10 and SKF-26/8 possess a higher degree of polydispersity than the structureless part of SKF-26 VS. On account of its narrow MWD, fluorine-containing rubber SKF-26 VS has poor millability. In the processing of rubbers SKF-26/10 and SKF-26/8 with a wider MWD and a linear structure, no problems arise.
It must be pointed out that the unsatisfactory processability of SKF-26 VS is influenced not so much by the width of the MWD of its structureless part as by the large amount of crosslinked component and the high molecular weight. SKF-26/10 can be characterised as a rubber with a high molecular weight, but as fairly structureless, as the proportion of high-molecular-weight rubber in the form of macrogel is considerably lower than in SKF-26 VS.
Rubber SKF-26 VS is characterised by the lowest Dtg d value (0.12), and consequently it is more branched than SKF-26/8 and SKF-26/10. This is consistent with data given elsewhere [5] , according to which the Dtg d values increase as the branching decreases, irrespective of the molecular weight of the polymer.
The values of the average molecular weights of SKF-26/8 and SKF-26/10 that were obtained by GPC correlate satisfactorily with the Mooney viscosity. The exception is standard rubber SKF-26 VS. The Mooney viscosity of the given rubber is apparent on account of the content of crosslinked fractions, which understate the true viscosity value. This conclusion is confirmed by the unpronounced nature of the temperature dependence of the Mooney viscosity of standard rubber SKF-26 VS (see Figure 3) . With increase in temperature, the contribution of the crosslinked rubber to viscosity decreases. Table 2 gives the results of comparative processability and technological effectiveness tests of the investigated trial and standard rubbers. Swelling of the extrudate [6] was considered as the size ratio of the cross-section of the extrudate and the fixing attachment for motor gasket 2101-1005160-02 on a Barwell preformer.
The ease of processing indicates the lower viscosity of rubbers SKF-26/10 and SKF-26/8 by comparison with rubber SKF-26 VS. Here, the break-up time of the rubber is reduced, the total preparation time of the rubber mix is shortened, and electric energy consumption is reduced (see Table 2 ).
From Table 2 it can be seen that fluorine-containing rubbers SKF-26/10 and SKF-26/8 possess a higher degree of polydispersity (M w /M n ) than the structureless part of SKF-26 VS. It can be assumed that the poor processability of standard rubber SKF-26 VS is due not only to the presence of fraction with a supermolecular structure but also to the relatively narrow molecular weight distribution and higher degree of branching. On the whole, it can be concluded that the processability of new rubbers SKF-26/10 and SKF-26/8 is better on account of the absence of gel, the wider MWD, and the lower branching. Table 2 ) on the swelling of the extrudate, which depends on the shear stresses on the walls of the capillary and is an important parameter in assessment of the technological effectiveness of the rubber mix [6] , indicates the presence of certain technological difficulties in the extrusion of rubber mixes based on SKF-26/10 and SKF-26 VC.
Assessment of experimental results (see
On the whole, analysis of the data in Table 2 indicates that the parameters of fluorine-containing rubber SKF-26/8 that influence its technological effectiveness (shrinkage of the rubber and of the vulcanisate based on it), millability (the absence of "coating" and sticking of mixes to the rolls), and extrudability (a smoother surface of the extrudate) are superior to the corresponding parameters of fluorine-containing rubbers SKF-26/10 and SKF-26 VS. Low values of the manufacturing time of the rubber mix and the temperature of the mix after milling are more characteristic of SKF 26/8 in comparison with SKF-26/10 and SKF-26 VS.
The values of the physicomechanical characteristics of vulcanisates based on the standard and trial rubbers in formulation 420 for the manufacture of motor gaskets are given in Table 3 . An analysis of the properties of the investigated rubber compounds indicates that the rubbers obtained chiefly satisfy the standard requirements [7] .
The best properties among the investigated rubber compounds are possessed by a rubber mix based on trial fluorine-containing rubber SKF-26/8. The vulcanisate based on SKF-26/8 has the greatest elongation at break.
Technological testing of the investigated rubber mixes for the manufacture of seals showed that the greatest reduction in the level of wastage because of cracking is possessed by vulcanisates based on SKF-26/8.
Thus, comprehensive investigations of the structure, properties, and processing behaviour of standard rubber SKF-26 VS and two of its trial analogues SKF-26/10 and SKF-26/8 have been conducted. It has been established that the most ideal structure of fluorine-containing rubber SKF-26/8, consisting of the absence of supermolecular structure, a lower molecular weight and degree of branching, and also a higher degree of polydispersity, gives the rubber increased technological effectiveness. In view of the low technological effectiveness and structural instability of fluorine-containing rubber SKF-26 VS, it is expedient to replace it with SKF-26/8 rubber in the formulation of rubber mix 420 for VAZ motor gaskets.
